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Glycogen and starch are the major readily accessible
energy storage compounds in nearly all living organisms.
Glycogen is a very large branched glucose homopolymer
containing about 90% a-1,4-glucosidic linkages and 10%
a-1,6 linkages. Its synthesis and degradation constitute
central pathways in the metabolism of living cells regulat-
ing a global carbon/energy buffer compartment. Glycogen
biosynthesis involves the action of several enzymes among
which glycogen synthase catalyzes the synthesis of the
o-1,4-glucose backbone. We now report the first crystal
structure of glycogen synthase in the presence and ab-
sence of adenosine diphosphate. The overall fold and the
active site architecture of the protein are remarkably
similar to those of glycogen phosphorylase, indicating a
common catalytic mechanism and comparable substrate-
binding properties. In contrast to glycogen phosphorylase,
glycogen synthase has a much wider catalytic cleft, which
is predicted to undergo an important interdomain ‘closure’
movement during the catalytic cycle. The structures also
provide useful hints to shed light on the allosteric regula-
tion mechanisms of yeast/mammalian glycogen synthases.
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Introduction

Glycogen and starch, megadalton-sized glucose polymers, are
the major reservoir of readily available energy and carbon
compounds in most living organisms, ranging from archaea,
eubacteria and yeasts, up to higher eukaryotes including
plants and animals. Only parasitic lifestyles seem to be
related to reduction and eventual complete abolishment of
glycogen metabolism (Henrissat et al, 2002). In mammals,
glucose uptake and utilization are under tight control. Defects
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in normal glucose handling are associated with a variety
of human pathologies, like glycogen storage diseases (Roach,
2002), and diabetes, in which persistent hyperglycemia is
correlated with early onset and severity of the disease (Saltiel,
2001). In the field of diabetes, several lines of evidence
support a direct link between glycogen metabolism and
overall glucose flux into the cells. Transgenic mice overex-
pressing an activated form of glycogen synthase (GS) showed
glycogen overaccumulation (Manchester et al, 1996; Azpiazu
et al, 2000), a phenotype that was also observed in mice
overexpressing the phosphatase targeting subunit Rgr,, which
caused hyperactive GS through extensive dephosphorylation
(Aschenbach et al, 2001). The fact that GS activity correlates
with glycogen levels strongly suggests that membrane glu-
cose transporters (GLUT) are not saturated, highlighting the
importance of glycogen metabolism regulation in glucose
handling.

The basic metabolic pathways for the catalytic conversion
of glycogen involve the action of several enzymes, among
which GS catalyzes the elongation, and glycogen phosphor-
ylase (GP) the breakdown, of a-(1,4)-linked glucans
(Figure 1). GS is a key component of this enzymatic machin-
ery, catalyzing the successive addition of a-1,4-linked glucose
residues to the nonreducing end of glycogen, using nucleo-
side-diphospho-glucose as the donor substrate (Figure 1A).
The other components of this machinery are GP, which
functions as a depolymerizing enzyme (Figure 1B), and
branching/debranching enzymes that catalyze the addition
and removal of o-1,6-linked ramifications. While GS and GP
are glycosyltransferases (GTs), branching and debranching
enzymes are variants of glycosylhydrolases (GHs) with ac-
quired transglycosylation activities. GTs and GHs have been
classified according to their sequence, generating a database
with high functional predictive power (see http://afmb.cnrs-
mrs.fr/CAZY/; Coutinho et al, 2003). Following the conven-
tions of the CAZY classification, GSs belong to families GT3
and GT5, while GPs can all be grouped in GT35. GT3, GT5
and GT35 are all GTs that retain the anomeric stereochemistry
among substrates and products, a property shared by at least
18 of the 70 GT families. Both branching and debranching
enzymes pertain to GH13, with sequence and structural
homology to a-amylase (B/a)s-fold proteins (Abad et al,
2002; Hondoh et al, 2003).

GP catalyzes a reversible reaction, which at physiological
concentrations of reactants constitutes the first step of glyco-
gen degradation, removing one glucose at a time by the
addition of inorganic phosphate rendering glucose-1-phos-
phate (Glc-1-P) (Figure 1B). A great wealth of information
has been gained on glycogen degradation through the bio-
chemical and structural studies of GP and maltodextrin
phosphorylase (MalP) in the last 30 years (Johnson, 1992;
Rath et al, 2000). GP regulation is still a fascinating example
of covalent and noncovalent allosterism, exquisitely
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Figure 1 Glycogen synthesis and degradation. (A) The synthesis of glycogen involves primarily the action of GS, which catalyzes the addition
of a-1,4-linked glucose to the nonreducing end of the growing glycogen chain, and the branching enzyme (not shown), which introduces a-1,6-
linked ramifications. In fungi and animal cells, autoglucosylation of glycogenin (Gibbons et al, 2002) provides the initial glycogen primer for
further elongation. (B) Glycogen breakdown involves the action of GP, which catalyzes the phosphorolysis of «-1,4 glucose linkages, and
debranching enzyme (not shown), which hydrolyzes a-1,6 linkages. In fungi and animal cells, both GS and GP are regulated by allosteric ligand

binding and phosphorylation.

coordinated by hormonal control (Buchbinder et al, 2001).
The catalytic core of GP was rapidly found to have the same
topology as the phage T4 beta-glucosyltransferase (B-GT)
(Holm and Sander, 1995) defining a GT-B-fold superfamily.
In fact, only two different topologies have been found among
the first 12 GT families for which 3D structures have been
reported (Coutinho et al, 2003). These topologies have been
identified as GT-A (Charnock and Davies, 1999) and GT-B
(Vrielink et al, 1994). Although both folds are variations
of Rossmann-like B-o—-p domains, in the GT-A fold a unique
central sheet of 7-8 B-strands is found, with the presence of
a DxD motif participating in ribose/metal binding in the cata-
lytic center. In contrast, GT-B proteins do not bind metals and
have two distinct Rossmann domains separated by a large
cleft that permits important flexibility. Sequence similarities
are marginal among GT-A or GT-B proteins, which is consis-
tent with the fact that each fold superfamily includes a wide
variety of inverting and retaining GTs, and even enzymes
with no transferase activity at all.

Glycogen and starch synthases are classified in two large
protein families: mammalian and yeast GSs (GT3 family) are
~80kDa enzymes that use UDP-glucose as sugar donor and
are regulated by covalent phosphorylation and allosteric
ligand binding (Roach, 2002), whereas bacterial and plant
synthases (GT5 family) have a smaller size (~50kDa), prefer
ADP-glucose and appear to be unregulated proteins (Ball and
Morell, 2003). Sequence similarity is marginal between the
ADP-glucose- and UDP-glucose-requiring enzymes.

Information describing the tertiary and quaternary struc-
tures is available for all the enzymes directly involved in
glycogen processing, except for GS. Although several groups
had predicted a general relatedness among GTs displaying
the GT-B fold, including GSs (Wrabl and Grishin, 2001;
MacGregor, 2002; Yep et al, 2004), their suggestions were
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based on sequence analyses with marginal identity levels. To
further advance in the understanding of glycogen synthesis,
we determined the crystallographic structure of the GS from
Agrobacterium tumefaciens (family GT5), in the presence and
absence of ADP. The initial suggestion that glycogen syn-
thesis simply represented a reversal of its degradative phos-
phorolysis was demonstrated to be flawed, as Leloir and
Cardini (1957) showed that UDP-Glc and GS, not Glc-1-P
and GP, were responsible for polysaccharide elongation. The
present communication demonstrates nevertheless that the
opposite independent reactions in glucose-glycogen inter-
conversion are catalyzed by closely related homologous
enzymes.

Results and discussion

Overall structure

The crystal structure of A. tumefaciens GS (AtGS), both alone
and in the presence of ADP, was determined at 2.3 A reso-
lution (Table I). The enzyme folds into two Rossmann-fold
domains (Figure 2A) organized as in GP and other GTs of the
GT-B superfamily (Coutinho et al, 2003), with a deep fissure
between both domains that includes the catalytic center. The
core of the N-terminal domain (residues 1-244) consists of a
nine-stranded, predominantly parallel, central p-sheet
(Figure 2B) flanked on both sides by seven o-helices. The
C-terminal domain (residues 271-456) shows a similar fold
with a six-stranded parallel B-sheet and nine a-helices. The
last o-helix of this domain undergoes a kink at position
457-460, with the final 17 residues of the protein (461-477)
crossing over to the N-terminal domain and continuing as o-
helix, a typical feature of GT-B enzymes (Wrabl and Grishin,
2001).
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Table I Data collection, phasing and refinement statistics

Data set SeMet ADP complex
Wavelength (A) 0.9792 0.9393
Resolution (A)? 30-2.3 (2.4-2.3) 50-2.3 (2.42-2.3)
Measured reflections 303988 73895
Multiplicity? 6.7 (3.8) 1.8 (1.8)
Completeness (%)? 98.2 (85.9) 90.7 (85.5)
Reym (%)*° 5.5 (18.8) 6.2 (24.9)
I/c? A 11.4 (3.9) 6.9 (3)

a, b, c (A) 69.3, 87.3, 88.5 69.35, 88.1, 84.45
B (deg) 100.3 98.2
Mean FOM acentric 0.33

Anomalous phasing power® 1.039 overall .
15  3.7-324
1.066 3.2-29 A

RCWSId (%) [no. of reflect.] 20.4 [84210] 18 [36316]
Riree* (%) [no. of reflect.] 24 [4397] 22.3 [4055]
R.m.s. bonds (A) 0.009 0.019
R.m.s. angles (deg) 1.7 1.8
Protein atoms 7246 7234
Water atoms 409 207
ADP atoms — 54

Data were collected on beamline ID29 at the European Synchrotron
Radiation Facility (ESRF, Grenoble, France).

#Values in parentheses apply to the high-resolution shell.

PRoym = S mad i Lkl — CI(RKD > | /3 piaddi(RKD).

“Anomalous phasing power = { [|F(h)ca|/phase-integrated lack of
closure] >.

dR = thllF(h)obs_F(h)calc‘/thl‘F(h)obsl~ Rcryst and Rfree were Cal'
culated from the working and test reflection sets, respectively.

The deep and wide cleft in AtGS suggests that the enzyme
crystallized in a relaxed, possibly inactive, ‘open’ state. The
hypothesis of a closure movement can be raised, supported
by the structural superpositions of N- and C-terminal do-
mains from several GT-B enzymes (see below). These com-
parisons show that a subdomain rotation of 20-25° is
required to achieve a ‘closed’ state (Figure 2C), which
would bring together critical conserved residues making up
a functionally competent active center. Although ADP does
bind to the open GS state in the crystal inducing minor
subdomain rearrangements, soaking of either ADP-Glc, or
ADP and maltodextrins, results in crystal dissolution, sug-
gesting that substrate binding may promote the conforma-
tional transition. Moderate flexibility of such two-domain
enzymes is not rare (Vrielink et al, 1994; Morera et al,
2001; Hu et al, 2003). Indeed, the four crystallographically
independent molecules of AtGS in its free and ADP-bound
forms show variations in the interdomain orientation of up to
6° (Figure 2D), comparable to those observed in the allosteric
transition of GP (Buchbinder et al, 2001).

ADP-binding pocket

In the open form of AtGS, ADP binds to a pocket on the
C-terminal side of the interdomain crevice (Figure 3). This ADP-
binding pocket (Figure 3A) is defined by the C-terminal
ends of B-strands 13 (residues 297-299) and P14 (326-328)
and the loop between P15 and «12 (352-356). The adenine
heterocycle is stabilized by a stacking interaction with Tyr354
and additional van der Waals interactions with Ser298 and
Ser359 (Figure 3B). Only two weak hydrogen bonds are
observed for this part of the ligand, between atoms N1 and
N6 of the adenine heterocycle with the amide and carbonyl
groups of the protein backbone at positions 353 and 355.
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The ribose 02 atom makes hydrogen bonds with the main-
chain carbonyl group of Ile297 and the side chain OH
of Thr381, but otherwise the sugar ring is relatively free of
contacts in the crystal structure. The phosphate groups make
hydrogen-bonding interactions with a few water molecules
and with the guanidinium group of Arg299, a residue that is
strictly conserved in all GTS (bacterial and plant) synthases.
A weaker electrostatic interaction is also observed with
another conserved residue, Lys304, which in turn forms
a salt bridge with an invariant glutamate at position
376. Added to these interactions, the ‘open-close’ transition
brings the Bl1-al connecting loop of the N-terminal domain
(containing the conserved motif Lys-X-Gly-Gly-Leu) into con-
tact with the bound nucleotide. The glycine residues come
into contact with the nucleotide phosphate groups and Lys15
with the ribose moiety (Figure 3B). Further experimental
support to this ‘closure’ movement is given by the demon-
stration of the direct role of the Lys-X-Gly-Gly-Leu motif
in nucleoside-diphospho-glucose binding that has been
reported with Escherichia coli GS (Mahrenholz et al, 1988;
Furukawa et al, 1990), although only the glycine residues
but not the basic side chain appear to be essential for
enzymatic activity (Furukawa et al, 1993). This closed con-
formation is indeed observed in the crystal structures of
trehalose-6-P synthase (OtsA; Gibson et al, 2002) and other
GT-B transferases.

Although the binding of ADP induces only small changes
in the overall AtGS structure, it does promote important local
modifications. Arg299 swings its side chain into the catalytic
pocket, positioning its guanidinium group in close contact
with the phosphate groups of ADP at electrostatic/hydrogen-
bonding distance (2.8A between Arg NH2 and PO4B 03;
3.2A between Arg Ne and PO4c O1). Another charged
residue, Lys304, also moves its side chain to approach the
phosphate groups, and the aromatic ring of Tyr354 rotates
120° to stack against the adenine heterocycle. In addition, the
polypeptide backbones of two loops (residues 327-331 and
374-379) and helix 014 slightly change their main-chain trace
upon ADP binding (r.m.s.d.’s of 0.53, 0.74 and 0.51 A, respec-
tively, compared to a global r.m.s.d. of 0.31 A for 211 equiva-
lent Co’s in the C-terminal domain), resulting in an overall
enlargement of the ADP-binding pocket.

The overall architecture of the nucleotide-binding pocket
in the ADP-Glc-specific AtGS is basically the same as in OtsA,
another retaining GT-B GT that preferentially binds UDP-Glc.
In particular, the short connecting loop between 15 and «12
has the same length in the two proteins, and this length
appears to be invariant in all GSs including both GT3 and GT5
families, as suggested by structure-weighted multiple se-
quence alignment. In AtGS, the central position of this loop
is occupied by Tyr354, whose side chain makes stacking
interactions with the adenine ring (Figure 3). Interestingly,
this position is systematically occupied by an aromatic (Tyr/
Phe) residue in all GSs specific for ADP-Glc (bacterial GSs
and plant starch synthases), whereas promiscuous enzymes
(archaea) or UDP binders (mammals, yeast) show no parti-
cular trend (a His residue is found at this position in OtsA).
Also, all GT5 enzymes show two strictly conserved glycines
(AtGS Gly327 and Gly329) at the end of the 14 strand, facing
the nucleotide-binding pocket. This Gly-X-Gly pattern is not
conserved in GT3 UDP binders and, in particular, Gly327 is
replaced by a proline in OtsA.

©2004 European Molecular Biology Organization
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Figure 2 GS structure. (A) Cartoon showing the general fold and secondary structure organization of AtGS. The color ramp from blue to red
indicates N- to C-terminal direction. (B) Cartoon representing the topology of AtGS, color-coded as in (A). Secondary structural elements, as
defined by PROCHECK (Laskowski et al, 1993), are shown as arrows for B-strands and cylinders for a-helices comporting more than four
residues. (C) Molecular surface representation comparing the structure of the experimental ‘open’ state of AtGS (solid) and the predicted
‘closed’ conformation (transparent). The orientation is similar to (A). (D) Superposition of the C-terminal domains from the four crystal-
lographically independent AtGS molecules (unliganded: blue and green; ADP-bound: red and yellow). The predicted closed conformation is

also shown in pale blue.

Structural similarity with glycogen phosphorylase

The overall structure of AtGS shows a striking topological
and structural resemblance with the core of GP/MalP (GT35
family) (Watson et al, 1997; Rath et al, 2000) (Figure 4A, see
also Figure 5), even though the sequence identity is very
low (14% with MalP 1QMS, after structural alignment). When
comparing the known GT-B enzymes, the structure of each
Rossmann-fold domain of AtGS is significantly closer to those
of phosphorylases from the GT35 family than to any other
nucleotide-dependent GT (Figure 4B), both in terms of
r.m.s.d’s and total number of equivalent residues. This
association among glycogen processing enzymes is only
detectable through structural comparison, since sequence
identities (10-15%) do not distinguish any particular ‘super-
family’ among GT-B proteins. The central B-sheet of the N-

©2004 European Molecular Biology Organization

terminal domain has an identical topology in AtGS and
phosphorylases, whereas one or more of its outermost
strands are missing in all other known GT-B enzymes leading
to some errors in the detailed prediction of GS topology when
based only on sequence analyses (MacGregor, 2002). In the
C-terminal domain, synthases and phosphorylases are struc-
turally closer to each other (r.m.s.d. of 1.5-1.6 A for ~180
equivalent residues; see Figure 4B) than they are to the other
GTs (2 A for ~100-120 residues), as a consequence of the
different rearrangement of secondary structural elements.
Furthermore, AtGS has two prominent insertions in the C-
terminal domain, which correspond to similar features in GP
but are missing in other nucleotide-dependent GT-B enzymes
of known structure. The first is in the region preceding the
B13 strand and includes an «-helix (29) that superimposes

The EMBO Journal  VOL 23 | NO 16 | 2004 3199
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Figure 3 ADP-binding pocket. (A) Molecular surface representa-
tion of AtGS C-terminal domain (monomer B) showing the ADP-
binding pocket. The nucleotidic ligand was reproducibly bound
with higher occupancy to monomer B in the asymmetric unit;
further analyses in the text hence refer only to this monomer. (B)
Schematic representation showing the interactions between AtGS
residues and ADP. Different colors distinguish between residues
actually observed in the AtGS-ADP crystal complex (in red) and
those residues predicted to interact after the ‘closure’ movement (in
blue). Observed hydrogen bonding and ionic interactions are de-
picted with dashed lines indicating the distances in A. Van der
Waals interactions are marked with { symbols. (C) Electron density
map (contoured at 1) of the bound nucleotide.

well with an equivalent helix («17) in phosphorylases
(Figure 5). The second involves the stretch of polypeptide
chain including the small antiparallel sheet B8-B9-B10
(Figure 2B), which has a comparable length (25-30 residues)
in both GT3 and GT5 synthases. The equivalent insertion in
phosphorylases is ~20 residues longer (Figure 5) and in-
cludes all the elements defining the glycogen-storage site
(Johnson et al, 1990), through which GP may bind to glyco-
gen particles in vivo. However, several residues involved in
carbohydrate contacts in the glycogen-storage site of GP are
not conserved in GS and it is therefore unclear whether this
exposed region, despite its similar conformation, could also
fulfill a glycogen-binding role in bacterial or mammalian GS.

GSs and GPs also exhibit a strong resemblance in their
catalytic and substrate-binding sites (Figure 4C). The ADP
ribose and the pyridoxal groups lie in equivalent positions,
as do the distal phosphate of ADP in AtGS and the inorganic
phosphate in phosphorylases. Moreover, critical amino acids
that interact with the glucosyl residues at positions +1 and
+ 2 (substrate position numbering as in Davies et al, 1995)
in MalP (PDB entries 1QM5, 1L5W and 1L6I; the numbering
system for rabbit muscle GP is used for both GP and MalP
throughout this manuscript) are largely conserved between
the two enzyme families. These residues define an entrance
tunnel in AtGS (closed form) that may bind the innermost
part of the incoming glycogen chain in the same way as in

3200 The EMBO Journal VOL 23 | NO 16 | 2004

MalP (Figure 4C). One of these residues is MalP Asp339,
which interacts with the OH2 and OH3 groups of the sugar
at position +1 and displays the same unfavorable (¢, V)
angles, (60°, 180°), as the equivalent Asp138 in AtGS. An
acidic residue at this position is conserved in all GT35 (Asp),
GTS (Asp) and GT3 (Glu) enzymes (Figures 4D and 5).
Indeed, this Asp seems to play an important role in enzymatic
activity since its mutation to Asn in the maize SSIIb starch
synthase renders the enzyme inactive (Nichols et al, 2000).
Also interacting with glucose at site + 1, an invariant gluta-
mate (Glu88) and a leucine (Leul36) are observed in phos-
phorylases, which correspond to conserved residues in
synthases (AtGS Glu9 and Leul9; SSIIb Glu9; see Nichols
et al, 2000). A tyrosine residue (Tyr280) that stacks against
the sugar ring at position +2 is conserved in bacterial
synthases (AtGS Tyr96) and is substituted by Ile/Leu in starch
synthases. Facing Tyr96, the phenyl ring of Phel67 in the
AtGS structure is favorably located to make stacking interac-
tions with the second face of the sugar ring. An aromatic
residue Phe/Tyr is conserved at this position in all GTS5
enzymes, while an invariant leucine is found in GT3 en-
zymes. Interestingly, this loop corresponds to the so-called
380’s loop in phosphorylases, which is in contact with the
substrate chain in MalP and is known to undergo a significant
conformational change upon allosteric activation in GP or
upon occupation of site —1 in nonallosteric MalP.

Critical residues and their interactions in the reaction
center are preserved in GP/GS (Figure 4C), strongly support-
ing a common catalytic mechanism. The distal phosphate of
ADP in AtGS interacts with two basic residues (Arg299 and
Lys304) and with Gly18, the second glycine from the con-
served Lys-X-Gly-Gly-Leu motif. Interestingly, the ADP-in-
duced movement of Arg 299 in AtGS may be equivalent to
that reported for the equivalent GP residue (Arg569) when
phosphorylase undergoes the allosteric T-R transition to
create a high-affinity phosphate-binding site adjacent to the
PLP cofactor (Barford and Johnson, 1989). The protein
environment at the glucosyl donor subsite of AtGS is strik-
ingly similar to that of phosphorylase and, to a lesser extent,
to that of OtsA. AtGS residues His163 and Glu376 occupy the
same location as the equivalent residues in phosphorylase
(His377/Glu672; Geremia et al, 2002) and OtsA (His154/
Asp361; Gibson et al, 2004), where they interact respectively
with the 06 and O3 hydroxyls of the glucosyl moiety. The 06
hydroxyl also interacts with a conserved asparagine residue
in phosphorylase (Asn484), which is structurally equivalent
to Asn246 in AtGS. This hydrogen bond is not observed in
OtsA, where 06 is engaged in a chemically similar interaction
with GIn185 from a different part of the structure. All the
amino-acid positions discussed above are strictly invariant in
the GP/GS superfamily (with the possible exception of the
Arg/Lys pair and Asn246 in GT3 enzymes), and mutagenesis
evidence highlights their implication in enzymatic activity.
Recent work demonstrates the direct implication of E. coli GS
Glu377 (equivalent to AtGS Glu376) in catalysis (Yep et al,
2004), and the AtGS mutant His163Ala (data not shown) also
proved to be completely inactive.

GT5 versus GT3 glycogen synthases

A major difference between GT3 and GTS GSs is that only
the mammalian/yeast enzymes are tightly regulated by
phosphorylation and noncovalent allosteric modulation.

©2004 European Molecular Biology Organization
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Figure 4 Homology to GP. (A) Cartoon representing the secondary structure organizations of AtGS (shown in green) and E. coli MalP (in blue)
in the same orientation. After structural alignment, superimposed equivalent residues are represented in solid material, while in transparent
are shown the regions that are not aligned. (B) Histograms showing the number of equivalent residues after pairwise structural alignment
between AtGS and several GT-B enzymes: maltodextrin phosphorylase (MalP, 1QMS5), glycogen phosphorylase (GP, 1A8I), trehalose-6-
phosphate synthase (OtsA, 1GZS), UDP-N-acetylglucosamine 2-epimerase (epim., 1F6D), UDP-glucosyl transferase (Gtfb, 1IIR), UDP-N-
acetylglucosamine-N-acetylmuramyl-(pentapeptide) pyrophosphoryl-undecaprenol N-acetylglucosamine transferase (MurG, INLM) and DNA-
B-glucosyltransferase (Bgt, 1JG6). The N-terminal and C-terminal domains were aligned separately. At the top of each bar, the calculated r.m.s.
(in A) of aligned Ca positions is shown. (C) Comparative representation of the catalytic sites of GS in its closed conformation (left view) and a
ternary complex of MalP with inorganic phosphate and GSG4, a nonhydrolyzable analog of maltopentaose (right view). The sites are shown in
the same orientation after structural superposition of both structures. Atoms are colored red (O), blue (N), purple (P), gray (protein C) and
yellow (ligand C). The glucose acceptor oligosaccharide (as seen in MalP) is shown in green in the AtGS structure. (D) Multiple alignment of
selected regions among members of the GS (GT3 and GT5) and GP (GT35) families. Atu: A. tumefaciens; Ec: E. coli; Ath: Arabidopsis thaliana;
Os: Oriza sativa; Pa: Pyrococcus abysii; Tm: Thermotoga maritima; Hsl: Homo sapiens (liver); Hsm: H. sapiens (muscle); Sc2: Saccharomyces
cerevisiae (Gys2); Oc: Oryctolagus cuniculus. Nonaligned regions for GT3 enzymes are depicted with a gray box. The secondary structure of
AtGS is shown as a reference at the bottom.

According to multiple sequence alignments among GT3, GT5
and GT35 proteins, weighted by the structural alignment of
AtGS versus GT35, the regulatory phosphorylation sites in
human GS are probably located in the 25-residue N-terminal
and 120-residue C-terminal insertions, outside the nonregu-
lated GT-B core of bacterial GSs (Figure 6). This is consistent
with the susceptibility to proteolysis and concomitant loss of
regulation of rabbit liver and yeast GSs (Camici et al, 1982;
Hardy and Roach, 1993), together with the demonstration

©2004 European Molecular Biology Organization

of in vivo phosphorylation sites in yeast (Hardy and Roach,
1993) and mammalian (Skurat and Roach, 1995) GSs at
specific Ser residues (one Thr in yeast) located in the C-
terminal extension, as well as two N-terminal serines for
mammalian GS. Mutagenesis studies of the yeast (Pederson
et al, 2000) and mammalian (Hanashiro and Roach, 2002)
enzymes identified two conserved Arg clusters, one in the
loop between a16 and «17 helices (Arg579/580/582) and
the other on al7 itself (Arg586/588/591), that are part of
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Figure 6 Molecular surface representation of the GS core, showing
the equivalent position of the arginine clusters in the mammalian/
yeast (GT3) allosteric site (in red) with respect to the active center.
Assuming an extended main-chain conformation, approximate dis-
tances are shown for two relevant phosphorylation sites, one in the

N-terminal (2a) and the other in the C-terminal (3a) extensions of
GT3 enzymes.

the intra- and/or intermolecular allosteric site(s) for both the
phospho-Ser/Thr residues and the noncovalent activator
glucose-6-phosphate (Glc-6-P). The equivalent residues in
AtGS are located at one end of the C-terminal domain, far
from the reaction center (Figure 6). Binding of the phos-
phorylated residues and/or the Glc-6-P activator can there-
fore propagate the allosteric effects to the active site either
by tertiary or quaternary structure rearrangements (for instance,
through the control of the open-close transition, modulating
the enzyme ‘switch’ to its active state) or by intramolecular
changes connecting the allosteric site(s) to the reaction
center. Mutagenesis evidence in favor of a long-distance
effect is surprisingly provided by the Lys277Gln replacement
in E. coli GS (Furukawa et al, 1994), which resulted in a 140-
fold reduction of k.., and led the authors to propose a direct
involvement of this residue in catalysis. In fact, the AtGS
structure shows that the lysine side chain (strictly conserved
in GT5 and GT35 enzymes) is located far away (~30 A) from
the active center. Its side chain is hydrogen bonded to Tyr441
at the C-terminal end of a16 (corresponding to the position
of the GT3 Arg cluster) and to Asp367 at the «12-$16 connect-
ing loop, which in GT3 enzymes includes Arg498 (also shown
to be involved in Glc-6-P binding; Pederson et al, 2000).
Although indirect, these results do support a long-distance
effect, and the equivalent location of GT5 Lys277 and the GT3
Arg cluster is, at the least, intriguing.
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Materials and methods

Protein expression and crystallization

Protein production, purification and crystallization of A. tumefa-
ciens GS were performed as described (Guerin et al, 2003; Ugalde
et al, 2003).

Data collection and phasing

Single crystals of the SeMet-labeled protein (10 Se atoms per
molecule) were drawn out of the crystallization drops in cryoloops
(Hampton Research) and frozen in liquid nitrogen in the presence
of a cryoprotectant solution (the same mother liquor except for
15% PEG 4000 and 30% glycerol). Complete X-ray diffraction
data sets were collected at 110K using synchrotron radiation
(beamline ID29, European Synchrotron Radiation Facility, Greno-
ble) with an a ADSC Q210 detector. Bragg reflection intensities
were integrated with MOSFLM6.2.0, merged with SCALA2.7.5
and reduced to structure factor amplitudes with TRUNCATE4.1
(Collaborative Computational Project, 1994). The structure was
determined by a single-wavelength anomalous diffraction
experiment. Of the 20 Se sites in the asymmetric unit, 19 were
found by direct methods with the program Shake‘n’Bake (Weeks
and Miller, 1999) using the anomalous difference intensities. The
positions, B-factors and occupancies of the anomalous scatterers
were refined with the program Sharp (Bricogne et al, 2003), with
all 20 Se atoms identified after three rounds of refinement
and inspection of log-likelihood gradient residual Fourier maps.
Density modification was performed with DM (Collabo-
rative Computational Project, 1994), resulting in a readily inter-
pretable map.

Model building, refinement and validation

Model building was performed with 08.0 (Jones et al, 1991) alternated
with reciprocal space refinement cycles. Restrained refinement was
carried out with the program CNS1.1 (Briinger et al, 1998) for the
unliganded AtGS structure, using the anomalous data (Friedel pairs
considered as independent reflections) and the measured values of Af’
and Af” to correct the scattering factors of the Se atoms. A fraction
(5%) of the data set was set aside for Rgee calculation. Tight NCS
restraints were initially imposed, but were gradually relaxed and
completely removed during the final refinement stages.

Because of significant unit cell changes, molecular replacement
methods were used to determine the structure of the AtGS-ADP
complex. In this case, initial refinement was performed with CNS,
and toward the end of refinement Refmac5 (Collaborative Compu-
tational Project, 1994) was used to perform TLS refinement
assuming two rigid bodies (the N- and C-terminal domains) per
molecule. The final models display a good stereochemistry as
evaluated with the program PROCHECK (Collaborative Computa-
tional Project, 1994), with less than 0.3% of the residues in
disallowed regions of the Ramachandran plots.

Modeling of the ‘closed’ state of AtGS

Two domains were defined in AtGS in order to maximize the
superposition with MalP (PDB code 1QM5). The N-terminal domain
of AtGS includes residues 1-244 and 457-477, while the C-terminal
one extends through residues 245-456. An overall interdomain
rotation of ~24° was found to optimize the separate superpositions
of both AtGS domains to MalP. The global r.m.s.d’s were 2.28 A for
254 equivalent Co atoms before optimization and 1.87 A for 360
residues after applying the rigid-body rotation. Atomic coordinates
were then generated for hydrogen atoms and the model was
subjected to energy minimization using the CHARMM force field as
implemented in CNS (Briinger et al, 1998).

Sequence alignments

Multiple sequence alignments of GSs (families GT3 and GT5) and
GPs (family GT35) were carried out with the program CLUSTALW
v1.83 (Thompson et al, 1994). Combined structural and multiple
sequence alignments were performed using the program Indonesia

Figure 5 Structural alignment of AtGS, E. coli MalP and rabbit muscle GP. Structurally equivalent regions are boxed, conserved residues are
shown in red. Secondary structural elements (a-helices and B-strands) are shown above the sequence for AtGS and below the sequence for GP.

Every tenth residue in the AtGS and GP sequences is dotted.

©2004 European Molecular Biology Organization
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(Madsen, Johansson and Kleywegt, unpublished results; see http://
alpha2.bmc.uu.se/dennis for details).
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